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Abstract: The rivers connecting oceans generally carry sediment due to water and soil losses in China.
Additionally, the maximum sediment concentration is 300 g/L, which is much higher than that of
other countries. It is unknown whether seawater with sand particles will affect the power of tidal
current turbine blades. It is therefore necessary to study the capture power of tidal current turbines
in the water-sediment environment. In this study, the blade was divided into a number of transversal
airfoil elements based on the blade element theory. The CFD-DPM model was employed to study
the lift and drag coefficients of airfoil under multiphase flow, and the fluid–particle interaction
was considered. The accuracy of this presented model was assessed using the experimental data
of a 120 kW tidal current turbine in a water-sediment environment. Good agreement between the
predictions and experimental data was observed. The effect of particle properties on the lift coefficient
and the drag coefficient of airfoil were investigated in detail. Furthermore, the 120 kW tidal current
turbine power was calculated based on the Blade Element Momentum theory under different particle
concentrations. The results show that small diameter particles can improve the tidal current turbine
power and the large diameter particle can reduce the power.

Keywords: tidal current turbine; lift coefficient; drag coefficient; Blade Element Momentum theory;
CFD-DPM

1. Introduction

Tidal energy has the advantages of abundant reserves, high energy density, and
strong predictability [1]. In China, there is an abundance of tidal energy resources, and
the estimated power is up to 14,000 MW [2,3]. Large-scale tidal current turbine and
turbine arrays have become a trend in research, which puts forward strict requirements
for the efficiency of blades [4–7]. However, due to the serious water and soil loss in river
basins, a lot of sediment is brought into the channel, so the rivers generally carry this
sediment [8]. Additionally, the particle properties are greatly diverse in different sea areas;
the maximum particle concentration can reach 300 g/L in the Yellow River [9–11]. Part
of the sea sediment is derived from rivers; the concentration of suspended sand reaches
5.522 g/L in the Zhoushan sea area. The maximum suspended sand concentration is 10 g/L
in Aojiang coast, and the maximum particle concentration near the bottom is 20 g/L [12,13].
It is unknown whether the interaction between seawater and sand will change the flow
behaviors around the blade and lead to a change in the blade capture power. It is therefore
particularly necessary to study the hydrodynamic performance of tidal current turbine
blades in a water-sediment environment.

Fraenkel and Ng et al. [14,15] point out that the roughening of tidal current turbines
due to particle impacts or cavitation is a potential performance problem. Batten et al. [16]
investigated the effect of increasing blade roughening on blade power based on the Blade
Element Momentum (BEM) theory. Soonseok et al. [17] show that the modified wall-
function approach can precisely predict the roughness effect on the performance of tidal
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current turbines. Walker et al. [18] tested the lift and the drag coefficient of the NACA
airfoil section with both clean and roughened conditions using a wind tunnel. Additionally,
they used a towing tank to test a model rotor in different surface conditions. These studies
demonstrate that the power coefficient will decrease with increasing blade roughness.

Most studies have focused on the power loss due to the increase in blade roughness
caused by the impact of sand particles. Almost no study has been carried out on the hydro-
dynamic performance of tidal current turbine under water-sediment conditions, and a few
researchers have performed comprehensive simulations regarding to the effects of various
variables on blade power under multiphase flow. This is because a high concentration of
300 g/L of sediment exists in China, which is greatly different from that of other countries.
For example, the Amazon, the world’s largest river, has an average sediment concentration
of 0.13 g/L. The longest river in Europe, the Volga, has an average sediment concentration
of 0.11 g/L [9,11]. Additionally, most of the experimental data are based on wind tunnel
or towing tank experiments, which lack the verification of experimental data in realistic
sea environments.

In order to study the hydrodynamic performance of the blade under multiphase flow,
both experiments and numerical simulation methods can be useful tools. However, it is
difficult to capture flow characteristics considering all influencing factors using experiments.
Therefore, many numerical calculation approaches to predicting flow characteristics have
been proposed. The Euler–Euler model and the Euler–Lagrange model are the most
common models.

In the Euler–Euler model, both particles and liquid phases are treated as continuous
phases according to Navier–Stokes equations, but additional models are needed to define
the shear stress and the pressure of the solid phase [19]. It is convenient and widely used
in research, but it cannot obtain true particle motion and flow characteristics due to the
constitutive relations for describing solid stress [20]. In the Euler–Lagrange model, the
fluid phase is treated as continuous phase via Navier–Stokes equations and the solid phase
is modeled as a discrete phase via Newton’s second law [21]. The model is able to capture
the motion of every particle, and the particle–particle and particle–wall interactions can be
taken into account.

Both the Discrete Element Method (DEM) and the Discrete Phase Model (DPM) are
applied to track the trajectory of the particles using the Lagrange approach. The DEM
considers the interaction between particles, which can be used to model a wider range
of flows from low to high particle concentrations [22]. Unlike DEM, the DPM is only
applied to simulate the dilute particle flow, because it is based on the assumption that the
interaction between particles is negligible [23]. However, the concept of a particle parcel
is applied in DPM the model, such that one particle replaces all particles with the same
properties in a parcel, which will be beneficial for faster calculation and cost less computer
resources [24]; as a result, the DPM is more appropriate for the dilute phase to capture
particle physics. Most of these numerical simulation methods are carried out in closed
environments, such as fluidized beds pipeline conveying. Further study is required to
determine whether the simulation methods are suitable for open environments.

Airfoil is the key element in tidal current turbine blades, and the performance of the
airfoil can significantly affect the performance of the tidal current turbine blade. In this
research, based on blade element theory, the tidal current turbine blade was divided into a
number of transversal airfoil elements. The Computational Fluid Dynamics-Discrete Phase
Model (CFD-DPM) model was employed to simulate the lift and the drag coefficients of air-
foil under multiphase flow. Two-way coupling was selected considering the particle–fluid
interaction. First, the governing equations for liquid flow, particle, and the basic concept of
airfoil are given [25]. Then, the accuracy of the CFD-DPM model was validated with the
corresponding experiments of 120 kW tidal current turbine in realistic sea environments.
Furthermore, the lift and the drag coefficients of airfoil under different particle properties
were investigated. In the process of revealing the cause of hydrodynamic performance
change, the particle velocity and the fluid velocity with and without particles along the
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same particle trajectory were analyzed. The analysis method is to analyze the influence of
particles on fluid velocity first, and then the change in lift/drag coefficient caused by the
fluid velocity is analyzed. Finally, the 120 kW tidal current turbine power was calculated
based on the Blade Element Momentum theory under different particle concentrations. The
analysis process and results can further provide suggestions on the field-site selection for
tidal current turbine and the blade design for maintaining the high efficiency of blades.

2. Mathematical Model
2.1. Particle Phase Model

In the CFD-DPM model, the particle is treated as a discrete phase, so the govern-
ing equation of particle motion is described according to Newton’s second law, written
as follows [26,27]:

dνP

dt
=

(ρP − ρf)g
ρP

+ fD + fLS + fP + fadd + fC (1)

where νP is the particle velocity and ρP and ρf represent the particle density and the fluid
density, respectively.

The drag force fD is the most dominant force acting on the particle, as shown in the
following equation [28]:

fD =
3ρf

4ρPdP
CD(Uf − νP)|Uf − νP| (2)

The added force fP is caused by the pressure gradient in the flow field and is expressed as:

fP = (
ρf
ρP

)νP
∂Uf
∂x

(3)

The virtual mass force fadd, which is the added mass force due to the acceleration of
fluid phase around a particle, is given by the following [29]:

fadd =
1
2

ρf
ρP

d
dt
(Uf − νP) (4)

The lift force fLS is caused by the fluid transverse velocity gradient (shear layer flow),
which is expressed as follows [30]:

fLS =
2kUf

1/2ρfdij

ρPdP(dlkdkl)
1/4 (5)

The particle–particle force fc includes the normal force fcn and the tangential force fct,
as the following equation shows [22]:

fc = fcn + fct (6)

k is constant, k = 2.594, dij is the fluid deformation rate tensor, dP is the particle diameter,
and Uf is the velocity of fluid.

For a smooth spherical particle, the fluid drag coefficient CD proposed by Morsi and
Alexander is adapted as follows [28]:

CD = a1 +
a2

Rep
+

a3

Rep2 (7)

where a1, a2, and a3 are constants, which vary with respect to the Reynolds number.



J. Mar. Sci. Eng. 2022, 10, 515 4 of 22

For non-spherical particles, the fluid drag coefficient CD is given as follows [31]:

CD =
24

Rep
(1 + b1Reb2

P ) +
b3Rep

b4 + Rep
(8)

where b1, b2, b3, and b4 are parameters related to particle shape:

b1 = exp(2.3288− 6.4581φ + 2.448φ2) (9)

b2 = 0.0964 + 0.5565φ (10)

b3 = exp(4.905− 13.8944φ + 18.4222φ2 − 10.2599φ3) (11)

b4 = exp(1.4681 + 12.2584φ− 20.7322φ2 + 15.8855φ3) (12)

ReP is the particle Reynolds number, as shown below [32]:

Rep =
ρfdP

µf
|Uf − νP| (13)

where µf is the fluid dynamic viscosity.
The turbulent diffusion of the suspended sediment reaches a temporary equilibrium

with the gravity of suspended sediment, so the gravity is negligible; since the particle
diameter is greater than 10 µm, the Saffman lift force can be neglected. Additionally, as the
ratio of fluid density to particle density is low, neither the pressure gradient force nor the
virtual mass force is taken into account.

2.2. Fluid Phase Model

In the CFD-DPM model, the fluid flow is treated as a continuous phase, so the govern-
ing equation of the fluid is described using the continuity and momentum conservation
equations, as shown below:

∂

∂t
(ρf) +∇(ρfUf) = 0 (14)

∂

∂t
(ρfUf) +∇(ρfUfUf) = −∇P +∇(Rf) + ρfg + fPf (15)

where ∇P is the fluid pressure gradient.
The volumetric fluid–solid interaction force fPf proposed by Zhou is adopted [25,33]:

fPf = −
1

Vcell

KC

∑
i=1

( fd,i + fLS,i + fadd,i) (16)

where KC is the number of particles in one of the considered computational cell and Vcell is
the volume of the computational cell.

As the object of this study includes the airfoil lift and the drag coefficients, the influence
of particles on the fluid is taken account in the momentum equation of the fluid, and two-
way coupling is used.

The stress tensor Rf includes two parts, viscous stress and Reynolds stress, which are
given as [24]:

Rf = µf∇Uf + ρfτ (17)

where τ represents the Reynolds stress, which is expressed as

τ =
2
ρf

ηtS−
2
3

µf
ρf

I (18)

S =
1
2
(∇Uf + (∇Uf)

T) (19)
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where ηt stands for the turbulent viscosity and I is the unit tensor.
Since flow variables changes significantly very close to the wall, an accurate fluid

flow solution in the region is needed [34,35]. There are two approaches to simulating
the fluid flow near the wall. In the first approach, the wall functions are used to model
the viscous sublayer and the buffer layer. In the second approach, modified turbulence
models are adopted to resolve the fluid flow field, is more accurately predicts the fluid flow
near the wall [34], so the SST k-ω model is employed to compute Reynolds stress in the
Reynolds-averaged NS equations in the following study, which are given as:

∂

∂t
(ρfk) +

∂

∂xi
(ρfkui) =

∂

∂xj

[
(µf +

µt

σk
)

∂k
∂xj

]
+ Gk −Yk + Sk (20)

∂

∂t
(ρfω) +

∂

∂xi
(ρfωui) =

∂

∂xj

[
(µf +

µt

σω
)

∂ω

∂xj

]
+ Gω −Yω + Dω + Sω (21)

where ui is the velocity component in i the direction, xi and xj are the spatial coordinates,
σk and σω are the turbulent Prandtl numbers for k and ω, Gk is the turbulent production,
Gω is the specific dissipation production, Yk and Yω are the diffusion production, Dω is the
cross-diffusion term, and Sk Sω are the user-specified source terms [36].

2.3. Blade Element Momentum (BEM) Theory

According to blade element theory [37,38], the blade of tidal current turbine is divided
into a number of transversal elements, placed along the blade. Figure 1 shows the geometric
and the hydrodynamic parameters of the airfoil element.

Consider that the turbine is situated in a tidal flow of v velocity, Ω is the turbine
rotating speed, and Uf is the relative velocity of tidal current, which is expressed as follows:

Uf =

√
(1− a)2υ2 + (1 + b)2Ω2r2 (22)

where r is the radius of the local blade element and a and b denote the axial and the
tangential flow induction factors, respectively [39–41].

The angle between the relative velocity of tidal current Uf and the chord line is defined
as the angle of attack α, β is the twist angle, and ϕ is the flow angle, which is given by:

ϕ = α + β = tan−1
[

1− a
1 + b

· 1
λr

]
(23)

where λr is the local tip speed ratio.
According to the blade element theory, the thrust T and torque M on a span-wise

length dr of the rotor (each blade) can be calculated by [39–41]:

dT = N(dFL · cos ϕ + dFD · sin ϕ) =
1
2

NρcUf
2(CL cos ϕ + CD sin ϕ)dr (24)

dM = Nr(dFL · sin ϕ− dFD · cos ϕ) =
1
2

NρcUf
2(CL sin ϕ− CD cos ϕ)rdr (25)

where c is the local chord length and N is the number of blades of the tidal current turbine.
According to the momentum theory, the thrust T and torque M are given by [39–41]:

dT = 4ρπv2a(1− a)rdr (26)

dM = 4ρπvΩ(1− a)br3dr (27)
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Therefore, the axial flow induction factor can be calculated by combining Equations (24)
and (26) as

a =
Nc(CL cos ϕ + CD sin ϕ)

8πr sin2 ϕ + Nc(CL cos ϕ + CD sin ϕ)
(28)

Figure 1. Airfoil parameters: (a) geometric parameters and (b) hydrodynamic parameters.

The tangential flow induction factor can be calculated by combining Equations (25)
and (27) as

b =
Nc(CL sin ϕ− CD cos ϕ)

8πr sin ϕ · cos ϕ− Nc(CL sin ϕ− CD cos ϕ)
(29)

The chord length and twist angle can be given as

c(r) =
8πra

NCL(1− a)
· sin2 ϕ

cos ϕ
(30)

β(r) = tan−1
[

1− a
1 + b

· 1
λr

]
− α (31)
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The Prandtl’s approximation method is adopted considering the blade tip and blade
root losses, which are expressed as follows [39]:

F = Ft · Fr

= 2
π cos−1

[
exp

(
−N

2 ·
R−r

R sin ϕ

)]
· 2

π cos−1
[
exp

(
−N

2 ·
r−rh

rh sin ϕ

)]
= 4

π2 cos−1
[
exp

(
−N

2 ·
R−r

R sin ϕ

)]
· cos−1

[
exp

(
−N

2 ·
r−rh

rh sin ϕ

)] (32)

where F is the Prandtl correction factor, Ft is the tip loss factor, Fr is the root loss factor, and
rh is the radius of the hub.

The axial flow induction factor, tangential flow induction factor, chord length, and
twist angle are modified as:

a =
Nc(CL cos ϕ + CD sin ϕ)

8πrF sin2 ϕ + Nc(CL cos ϕ + CD sin ϕ)
(33)

b =
Nc(CL sin ϕ− CD cos ϕ)

8πrF sin ϕ · cos ϕ− Nc(CL sin ϕ− CD cos ϕ)
(34)

c(r) =
8πr(1− aF)
NCL(1− a)

· sin2 ϕ

cos ϕ
(35)

β(r) = tan−1
[

1− a
1 + b

· 1
λr

]
− α (36)

2.4. Airfoil

The airfoil is the section cut out from the blade along the incoming flow direction,
and NACA airfoils are the most commonly used airfoils for tidal current turbine blades.
The Airfoil is the key element in the tidal current turbine blade, and the performance of
the airfoil can significantly affect the performance of the tidal current turbine blade. The
blade power is positively correlated with the lift coefficient of the airfoil and negatively
correlated with the airfoil drag coefficient.

2.4.1. Airfoil Lift Coefficient

Dimensionless lift coefficient of airfoil [42,43]:

CL =
dFL

1
2 ρfU2

f cdr
= f (Re, α) (37)

Re =
ρfUfc

µf
(38)

The airfoil lift comes from the pressure difference between the suction surface and
the pressure surface, which is caused by the fluid velocity difference between the suction
surface and the pressure surface. On the suction surface, the fluid velocity accelerates to the
maximum from the zero of the stagnation point and then decreases. On the airfoil pressure
surface, the fluid velocity decreases at first and then increases.

The lift coefficient can be reflected by the degree of change of the fluid velocity at
the same streamline position. The more the fluid velocity changes at the same streamline
position, the greater the lift coefficient is.

2.4.2. Airfoil Drag Coefficient

Dimensionless lift and drag coefficients of airfoil [42,43]:

CD =
dFD

1
2 ρfU2

f cdr
= f (Re, α) (39)
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The drag is caused by the viscosity of the fluid, which includes the frictional drag
and the pressure drag (the pressure drag formed by the pressure difference between the
leading and the trailing of the airfoil). With the increase in the angle of attack, the flow
separation is promoted, and the separation point moves forward. The pressure in the vortex
region decreases, the pressure drag increases, and the drag coefficient increases. As the
relative velocity increases, the flow separation is inhibited and the pressure drag decreases.
Additionally, it was determined through experiments that with the increase in the relative
velocity, the frictional drag increases and the frictional drag coefficient decreases. As a
result, with the increase in relative velocity, the drag coefficient decreases.

3. Computational Details
3.1. Case Description

In the present work, ANSYS ICEM was adopted to perform geometric modeling and
mesh generation [44]. The commercial software ANSYS FLUENT was the CFD solver
used for numerical simulation [45]. The experiment data of 120 kW tidal current turbine
were employed in this work to investigate the hydrodynamic performance of blade under
water-sediment conditions. A 120 kW tidal current turbine was used carried out sea trials
in Zhoushan (Figure 2), and it has been operating for 4 years in water-sediment conditions
(Figure 3). Figure 4 shows the 120 kW tidal current turbine blade profile, which contains
30 blade elements; the airfoil element at the tip is named “airfoil 30”, and the others are
named in sequence. The 120 kW tidal current turbine blade fundamental parameters
are listed in Table 1. Additionally, the 120 kW tidal current turbine blade geometrical
parameter distributions along the blade are listed in Table 2. The suspended sediment in
the Zhoushan sea area is composed of heterogeneous sand particles, and the logarithm
of natural sediment particle size obeys normal distribution. Table 3 lists the details of the
particle size distribution in Zhoushan. In order to study the hydrodynamic performance
of the blade under a multiphase flow, the 120 kW tidal current turbine blade is divided
into a number of transversal airfoil elements based on the blade element theory in the
following study.

Figure 2. Map of the location of the tidal current turbine.
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Figure 3. Photo of the sea trial in Zhoushan: (a) 120 kW tidal current turbine; (b) seawater
with sediment.

Figure 4. Blade profile of the 120 kW tidal current turbine: (a) blade profile; (b) detailed airfoil
element section.

Table 1. 120 kW tidal current turbine design parameters.

Design Parameters Value

Rated tidal current velocity 2 m/s
Rated rotor rotating velocity 20 r/min

Blade number 3
Rotor radius 5 m
Hub radius 0.6 m

Optimal tip speed ratio 6

Table 2. 120 kW tidal current turbine blade geometrical parameter distributions along the blade.

Distance Along
Pitch Axis (m) Chord (m) Twist (◦) Thickness (%)

0 0.460 22.5 100
0.4 0.622 22.45 68.1
0.8 0.872 18.27 36.1

1.25 0.718 12.62 31.1
1.7 0.577 9.03 27.6
2.2 0.469 6.37 25
2.8 0.391 4.19 22.2
3.4 0.326 2.61 21
3.8 0.268 1.64 21
4.2 0.241 0.54 21
4.4 0.152 0 16



J. Mar. Sci. Eng. 2022, 10, 515 10 of 22

Table 3. Particle size distribution detail in Zhoushan.

Minimum Diameter Maximum Diameter Median Diameter Mean Diameter

5× 10−7 m 2.84× 10−4 m 4.2× 10−5 m 1.2× 10−5 m

3.2. Model Description and Boundary Conditions

The domain and boundary conditions used for the simulation are shown in Figure 5.
To avoid any spurious influence from the boundary surfaces, the domain extends 12.5
chord lengths upstream of the airfoil and 16 chord lengths downstream. The NACA63-xxx
airfoil is chosen for its high lift–drag ratio when used on the 120 kW horizontal axis marine
current turbine. The particle injection surface is a virtual surface established in ANSYS
FLUENT, and a uniform grid can be obtained by setting the sampling density of the edge
as 1/120 chord lengths. The particle injection surface is six chord lengths upstream of the
airfoil, where the effect of the airfoil on the fluid velocity can be ignored. The length of the
particle injection surface is set as 10 chord lengths, and the lift and the drag coefficients no
longer change with further increase of the length of the injection surface.

Figure 5. Calculation domain and boundary conditions.

In the simulation, a uniform velocity is set at the inlet, and particles are injected with
the same velocity as the fluid at the particle-injection surface. Hydrostatic pressure is
specified at the outlet, and a no-slip boundary condition is given at the airfoil wall [46].
Particles are reflected when they impact the airfoil wall. At the outlet, particles are marked
as “escaped”, and the particle parcel calculation is terminated. Table 4 lists the properties
of the liquid and the particles.

Table 4. Simulation parameters employed in the current simulations.

Liquid Property

Density, (Kg/m3) 1040
Temperature, (◦C) 25

Viscosity, (Kg/(m s)) 0.00115

Solid Property

Material sand
Density, (Kg/m3) 2650

Table 5 presents the simulated cases, which are assigned to research the airfoil lift
and the drag coefficients under different particle properties. For the base case, the particle
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diameter and concentration are 500 µm and 2 g/L, respectively, and the airfoil chord, angle
of attack and relative velocity of tidal current are 1 m, 6◦, and 16 m/s, respectively.

Table 5. Operating conditions of the simulation cases.

Operating
Parameters dP (µm) CP (g/L) α (◦) c (m) U (m/s)

Effect of particle properties 20∼3000 0.5~2 6 1 16

3.3. Computational Grids and Grid Independence Study

Since the flow variables such as velocity change significantly in the near-wall area [31],
the computational model is hexahedrally meshed using the C-GRID topology in ANSYS
ICEM, and the grids are refined in the near-wall area in order to accurately solve the
near-wall fluid flow [47]. For the SST k-ω turbulence model, a very fine grid is required
to maintain y+ values on the order of 1, so the size of the first cell adjacent to the wall
is 0.02 mm [48].

For the accuracy of the simulation solution, the independence between the simulation
results and the grid resolution needs to be verified; four grid schemes are considered to
mesh the model. Table 6 shows that with the increase in the total number of cells, the
lift coefficient increases and the drag coefficient decreases (the solution relative error is
controlled within 0.1%). To be computationally efficient, mesh 3 is chosen in the following
simulations, which is shown in Figure 6.

Table 6. Comparison of hydrodynamic performance under different grid resolutions.

Mesh Number Total Number of Cells Lift Coefficient Drag Coefficient

1 1,936,784 0.92197 0.01298
2 2,577,494 0.92566 0.01287
3 3,239,204 0.92825 0.01282
4 3,921,914 0.92883 0.01281

Figure 6. Computational mesh used in the simulation: (a) domain volume mesh; (b) airfoil
surface mesh.

3.4. Numerical Method

The SIMPLE algorithm for pressure and velocity coupling is utilized. The pressure
term is solved through standard discretization schemes. Additionally, the momentum, tur-
bulent kinetic energy, and specific dissipation rate are handled with second-order upwind
discretization schemes. The convergence of the simulation solution is set such that the
residual in the control volume for each equation is smaller than 10−5. The interaction be-
tween the discrete and the continuous phases is considered, and the number of continuous
phase iterations per DPM iteration is set as 10.
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3.5. CFD-DPM Model Validation
3.5.1. Turbulence Model Verification

The simulated lift and drag coefficients under the SST k-ω model are shown in Figure 7.
The experimental data are obtained using the wind tunnel [49]. It can be clearly observed
that there is good agreement between the simulated results and the experimental data.

Figure 7. Comparison of the simulated lift and drag coefficients with the experimental data.

3.5.2. DPM Model Verification

In order to verify the accuracy of the DPM model, the erosion diagram of the 120 kW
tidal current turbine is used, which is caused by particle impact. Figure 8a shows the
actual erosion diagram of the 120 kW tidal current turbine under real sea conditions. The
simulated erosion cloud diagram at 1.8 m/s with particle size the distribution taken into
account is shown in Figure 8b, and Figure 9 shows the comparison of maximum erosion
location of the simulation and the experiment. From the blade root to the blade tip, the
maximum erosion location moves forward, which agrees well with the experimental data.

Figure 8. Erosion diagram of the 120 kW tidal current turbine: (a) the actual erosion diagram under
real sea conditions; (b) the simulated erosion cloud diagram at 1.8 m/s (blade contains 30 airfoil
elements, the airfoil element at the tip is named “airfoil 30”, and the others are named in sequence.
Additionally, Er represents the average erosion rate).
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Figure 9. Comparison of the maximum erosion location of the simulation and the experiment.

3.5.3. BEM Model Verification

The BEM model was solved using an in-house code, and the power of the 120 kW
tidal current turbine was used to verify the accuracy of the BEM model. First, the lift
coefficient and the drag coefficient of each airfoil were calculated using the CFD-DPM
model; next, the output torque and the power of the turbine were calculated based on the
BEM theory. Figure 10 shows the comparison between the simulated turbine power and
the experimental data at different flow velocities. It can be found from Figure 10 that there
is good agreement between the simulated turbine power and the experimental data. Thus,
in the following section, the effects of particle diameter and particle concentration on the
lift and drag coefficients will be assessed by using the CFD-DPM model, and the power is
calculated using the BEM model.

Figure 10. Comparison of the simulated turbine power with the experimental data at different
flow velocities.
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4. Results and Discussion
4.1. Effect of Particle Properties on Airfoil Lift Coefficient

Figure 11 shows the effect of particle properties on airfoil lift coefficient. When the
particle diameter is less than 100 µm, the airfoil lift coefficient is greater than the airfoil lift
coefficient without particles. The airfoil lift coefficient increases as the particle concentration
increases. When the particle diameter exceeds 100 µm, the airfoil lift coefficient is smaller
than the lift coefficient without particles. The airfoil lift coefficient decreases as the particle
concentration increases.

Figure 11. The airfoil lift coefficient with the particle diameter under different particle concentrations.

Figure 12 displays the particle trajectories and the fluid streamlines when the particle
diameter is 20 µm. It can be found that the particle trajectories are basically consistent with
fluid streamlines. Further quantitative analysis is required. Figure 13 shows the particle
velocity and the fluid velocity along the particle trajectory of the Particle ID = 5 when
the particle diameter is 20 µm. Due to the small particle diameter, the particle inertia is
small and the particle trajectory is mainly controlled by the fluid drag [50,51]. The particle
velocity drops sharply on the particle injection surface, changing with the fluid velocity,
which is equivalent to the increase in the density of the fluid, resulting in increased airfoil
lift coefficient [50]. The density increases with the increasing concentration, so the airfoil
lift coefficient increases with increasing particle concentration.

Figure 12. The particle trajectories and the fluid streamlines when the particle diameter is 20 µm:
(a) the particle trajectories; (b) the fluid streamlines.
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Figure 13. The particle velocity and the fluid velocity along the trajectory of Particle ID = 5 (particle
diameter = 20 µm).

Figure 14 shows the particle velocity and the particle-free fluid velocity along the
particle trajectory of Particle ID = 5 when the particle diameter is 2500 µm. The fluid
velocity drops due to the influence of the airfoil, and the drag of the fluid on the particle
causes the particle velocity to drop. However, the decrease in fluid velocity is greater than
the decrease in particle velocity, and the particle velocity surpasses the fluid velocity [50,51].
Considering the effect of the particle on the fluid, compared to the reduction in the velocity
of particle-free fluid, the degree of decrease in the fluid velocity will drop, leading to
decreased lift coefficient [49,51]. As the particle concentration increases, the number of
particles that interact with the flow field increases. This means that the airfoil lift coefficient
decreases with the increase in particle concentration.

Figure 14. The particle velocity and the particle-free fluid velocity along the trajectory of Particle
ID = 5 (particle diameter = 2500 µm).
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Figure 15 displays a linear relationship between the lift coefficient and the particle
concentration. Figure 16 shows that as the particle concentration increases, the Up− f n
remains unchanged. The effect of a single particle on the fluid does not change, and the
influence of a single particle on the U f p− f n remains unchanged. Figure 17 also shows that
as the particle concentration increases, the degree to which the same particle deviates from
the streamline does not change. The effect of a single particle on the change in the lift
coefficient remains unchanged. The number of particles that interact with the fluid field is
directly proportional to the particle concentration. For the same particle diameter, when
the particle concentration increases by the same value, the number of particles interacting
with fluid increases by the same value. Therefore, the airfoil lift coefficient has a linear
relationship with the particle concentration.

Figure 15. The effect of particle concentration on the airfoil lift coefficient.

Figure 16. The particle velocities and the particle-free fluid velocities along the trajectory of particle
ID = 5 under different particle concentrations.
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Figure 17. The particle trajectories under different particle concentrations: (a) 0.5 g/L; (b) 1 g/L;
(c) 1.5 g/L; (d) 2 g/L.

4.2. Effect of Particle Properties on the Airfoil Drag Coefficient

Figure 18 shows the effect of particle properties on the airfoil drag coefficient. The
airfoil drag coefficient is greater than the drag coefficient without particles. As the particle
concentration increases, the airfoil drag coefficient increases. When the particle diameter is
less than 100 µm, the reason for this phenomenon is the same as the reason for the change
in the lift coefficient with the particle properties.

Figure 18. The airfoil drag coefficient with the particle diameter under different particle concentrations.

When the particle diameter exceeds 100 µm, the reason can be explained as follows.
As shown in Figure 19, which shows the fluid velocities and the particle-free fluid velocities
along the trajectories of Particle ID = 23,000 and Particle ID = 45,000 when the particle
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diameter is 2500 µm, the effect of the particles on the fluid is equivalent to the decrease in
the relative fluid velocity of the tidal current. It is known that the airfoil drag coefficient
increases with the decrease in the relative velocity of tidal current. Therefore, the airfoil
drag coefficient is greater than the drag coefficient without particles.

Figure 19. The velocities of fluid along the trajectories of Particle ID = 23,000 and Particle
ID = 45,000 (1: Particle ID = 45,000 without particles; 2: Particle ID = 23,000 without particles; 3: Par-
ticle ID = 45,000 (particle diameter = 2500 µm); 4: Particle ID = 23,000 (particle diameter = 2500 µm)).

Figure 16 shows that as the particle concentration increases, the influence of a single
particle on the U f p− f n remains unchanged. As the particle concentration increases, the
number of particles interacting with fluid increases, and the U f p− f n increases. The degree of
reduction in the equivalent relative fluid velocity increases, so the drag coefficient increases
with the increase in particle concentration.

Figure 20 displays that as the particle concentration increases, the airfoil drag co-
efficient increases linearly. It is analyzed in the same way as the lift coefficient with
particle concentration.

Figure 20. The effect of particle concentration on the airfoil lift coefficient.
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4.3. Effect of Sand on the Power of the 120 kW Tidal Current Turbine

When the particle diameter is large, the lift coefficient decreases with the increasing
concentration. The airfoil lift and drag coefficients of 120 kW tidal current turbine were
roughly estimated without considering the particle-to-particle interaction under a high
particle concentration. Figure 21 shows the variation curves of lift and drag coefficients of
Airfoil 28 with particle concentration when the particle diameter is 2500 µm and the tidal
current is 1.8 m/s. Based on Blade Element Momentum theory, the power of the 120 kW
tidal current turbine was calculated under different particle concentrations, as shown in
Table 7. When the particle concentration is 100 g/L, the rotor capture power is reduced
by 21.4% at most compared to the particle-free case. The reduction in rotor capture power
due to the particle concentration should be considered in the process of the tidal current
turbine site selection and the blade design.

Figure 21. The variation curves of lift and drag coefficients of airfoil 28 with particle concentration
when the particle diameter is 2500 µm: (a) lift coefficient; (b) drag coefficient.

Table 7. The power of the 120 kW tidal current turbine at different particle concentrations when the
particle diameter is 2500 µm.

Particle Concentration/(kg/m3) Power/(W) (P0 *-P)/P0 *

0 96,710 0
2 96,206 0.521%
5 95,432 1.32%
20 92,277 4.58%
40 87,674 9.34%
80 80,874 17.5%

100 76,020 21.4%
* P0: rotor capture power without particles.

It has also been found that the airfoil lift coefficient increases when the particle diame-
ter is small. Table 8 shows the power of the 120 kW tidal current turbine at different particle
concentrations when the particle diameter is 20 µm. When the particle concentration is
100 g/L, the rotor capture power is increased by 2.932% at most compared to the particle-
free case, which is significant for the improvement of the tidal current turbine’s power.
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Table 8. The power of the 120 kW tidal current turbine at different particle concentrations when the
particle diameter is 20 µm.

Particle Concentration/(kg/m3) Power/(W) (P0 *-P)/P0 *

0 96,710 0
2 96,764 0.0558%
5 96,835 0.129%
20 97,176 0.482%
40 97,411 0.725%
80 98,397 1.744%

100 99,546 2.932%
* P0: rotor capture power without particles.

5. Conclusions

In the paper, the CFD-DPM model was adopted to simulate the lift and the drag
coefficients of the airfoil. The particle–fluid interaction was taken account in the CFD-DPM
approach. The available experimental data for the120 kW tidal current turbine were used to
validate the CFD-DPM model. Additionally, the lift and the drag coefficients of the airfoil
under different particle properties were studied. Further, the 120 kW tidal current turbine
power was calculated under different particle concentrations. According to the simulation
results, the following conclusions can be drawn:

(1) The CFD-DPM model accurately simulates the airfoil lift and drag coefficients.
(2) When the particle diameter is small, the airfoil lift coefficient surpasses the particle-

free lift coefficient. The lift coefficient increases as the particle concentration increases.
When the particle diameter and the particle concentration are 20 µm and 100 g/L,
respectively, the rotor capture power is increased by at most 2.932% compared to the
particle-free case.

(3) When the particle diameter is large, the airfoil lift coefficient is less than the non-
particle lift coefficient. The lift coefficient decreases as the particle concentration
increases. When the particle diameter and the particle concentration are 2500 µm and
100 g/L, respectively, the 120 kW tidal current turbine power is reduced by at most
21.4% compared to the particle-free case.

Conclusions (2) and (3) were roughly estimated using the CFD-DPM model under a
large particle concentration. However, further investigation needs be conducted consider-
ing the particle-to-particle interaction under high particle concentrations.
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Abbreviations

Variable Symbols Definitions
Up− f n The difference between the particle velocity and the particle-free fluid

velocity along the particle trajectory of the same Particle ID
U f p− f n The difference between the fluid velocity and the particle-free fluid

velocity along the particle trajectory of the same Particle ID
Time (in the Figure) Time beginning from the particle injection surface
Path length (in the Figure) Path length, defined as the path length of the particle trajectory, which

is computed from the particle injection surface
CFD Computational Fluid Dynamics
BEM Blade Element Momentum
DEM Discrete Element Method
DPM Discrete Phase Model
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